Innate recognition systems, including the Toll-like receptors (TLRs), play a critical role in activating host defenses and proinflammatory pathways in response to infection. Pathogens have developed strategies to subvert TLRs in order to survive and replicate within the host. The model intracellular pathogen, Francisella novicida, modulates host defenses to promote survival and replication in macrophages. TLR2, which recognizes bacterial lipoproteins (BLPs), is critical for activating host defenses and proinflammatory cytokine production in response to Francisella infection. Here we show that the F. novicida protein FTN_0757 acts to repress BLP production, dampening TLR2 activation. The ΔFTN_0757 mutant strain induced robust TLR2-dependent cytokine production in macrophages compared to wild-type bacteria, and produced increased amounts of BLPs. The deletion of one BLP (FTN_1103) from ΔFTN_0757 decreased the total BLP concentration to near wild-type levels and correlated with a decrease in the induction of TLR2 signaling. The overproduction of BLPs also contributed to the in vivo attenuation of the ΔFTN_0757 mutant, which was significantly rescued when FTN_1103 was deleted. Taken together, these data reveal a novel mechanism of immune evasion by the downregulation of BLP expression to subvert TLR2 activation, which is likely used by numerous other intracellular bacterial pathogens.
Introduction
Early detection of microbial pathogens by pattern recognition receptors (PRRs) is an important component in the initiation of an effective immune response aimed at clearing infections (Akira et al., 2006) . One group of PRRs, the Toll-like receptors (TLRs), are type I integral membrane proteins present on the surface of a diverse set of host cells, as well as in endosomes. TLRs are responsible for the recognition of a number of different microbial components, or pathogen-associated molecular patterns (PAMPs) (Kumar et al., 2009 ). For example, lipid A from Gram-negative bacteria is recognized by TLR4, flagellin by TLR5, CpG DNA by TLR9, and bacterial lipoproteins (BLPs) by TLR2 (Lien et al., 2000 , Hayashi et al., 2001 , Hemmi et al., 2000 , Aliprantis et al., 1999 , Brightbill et al., 1999 . Upon recognition of their cognate PAMP, TLRs signal to activate transcription factors, including NF-κB, which lead to the production of proinflammatory cytokines, chemokines, and antimicrobial peptides (Kumar et al., 2009 ). Production of these proteins stimulates an array of host defenses including the activation of macrophages and the recruitment of neutrophils, which help to fight infection (Kumar et al., 2009 , Sjostedt et al., 1994 .
Pathogens have developed a variety of mechanisms to prevent TLR signaling. Some pathogens secrete effector proteins into host cells that block components of the TLR signaling pathways. For example, the enteropathogenic Escherichia coli effector NleE directly blocks NF-κB activation by preventing IκB degradation, and the Brucella spp.
effector Btp1 binds the cytosolic TIR domain of TLR2 and TLR4, preventing the recruitment of downstream signaling proteins (Nadler et al., 2010 , Radhakrishnan et al., 2009 , Salcedo et al., 2008 . Pathogens can also prevent TLR signaling by modifying PAMPs. For instance, alterations in the amino acid sequence of the flagellin monomer allow Helicobacter spp. to prevent recognition by TLR5 (Andersen-Nissen et al., 2005) . Specific modifications to the structure of lipid A, such as the addition of acyl chains (Salmonella spp.) or the removal of acyl chains (Yersinia pestis), facilitate evasion of TLR4 signaling (Tanamoto et al., 2000 , Kawahara et al., 2002 . Furthermore, recognition of pathogens by TLRs can be subverted by preventing the release of PAMPs. For example, the masking of flagella by a lipid membrane sheath is used by Vibrio spp. to prevent recognition of flagellin by TLR5 (Follett et al., 1963 , Yoon et al., 2008 .
The Gram-negative bacterium Francisella novicida, a model intracellular pathogen closely related to highly virulent F. tularensis, has evolved strategies to subvert host defense proteins including TLRs (Rohmer et al., 2007 , Telepnev et al., 2003 . Similar to other Francisella spp., F. novicida can infect and replicate within host macrophages, which express numerous TLRs (Anthony et al., 1991a , Muzio et al., 2000 . Extensive modification of its lipid A, including alterations in the length and number of acyl chains, results in a lack of signaling through TLR4 (Wang et al., 2007 , Kanistanon et al., 2008 . This is a critical component of Francisella pathogenesis since mutants that cannot modify lipid A are severely attenuated in vivo (Wang et al., 2007) . Furthermore, Francisella does not encode flagellin and therefore does not activate TLR5 signaling (Li et al., 2006 , Cole et al., 2006 .
The bacteria are, however, recognized by TLR2, which plays an important role in host defense as indicated by the increased susceptibility to infection of mice lacking TLR2 (Abplanalp et al., 2009 , Malik et al., 2006a . Thus, molecular strategies used by Francisella spp. to subvert TLR2 signaling would likely promote pathogenesis.
The specific proteins used by Francisella spp. to suppress host defenses, and their mechanisms of action, are largely unknown. We and others previously used in vivo genetic screens to identify critical Francisella virulence determinants (Weiss et al., 2007 , Su et al., 2007 , Kadzhaev et al., 2009 , Kraemer et al., 2009 , Peng et al., 2011 . One gene that we identified, FTN_0757 (also termed FTT_0584 before the F. novicida genome was sequenced), is necessary for F. novicida virulence in mice and has been shown to be involved in the suppression of several pro-inflammatory cytokines (Weiss et al., 2007 , Peng et al., 2011 . However, its mechanism of action is unknown. Therefore, we set out to elucidate how FTN_0757 contributes to the subversion of innate inflammatory responses and better define the breadth of its effect on the host response.
Here, we demonstrate that FTN_0757 action leads to the suppression of a large panel of NF-κB-dependent genes, as well as genes encoding other host defense proteins. We show that the increased production of cytokines and chemokines in response to infection by the FTN_0757 mutant is due to hyperstimulation of TLR2. More specifically, we show that FTN_0757 functions to limit the expression and production of BLPs that induce proinflammatory mediators through TLR2. One BLP, FTN_1103, is highly overproduced in the FTN_0757 mutant and accounts for the majority of the increased BLP content. Deletion of FTN_1103 from the FTN_0757 mutant significantly reduces the activation of TLR2 and rescues the virulence defect of the mutant in vivo. To our knowledge, this is the first demonstration that suppression of BLP content by an intracellular pathogen allows subversion of TLR2-dependent responses and promotes virulence. Furthermore, this work may provide insights into ways by which other pathogens escape recognition by TLR2.
Results

FTN_0757 Suppresses TLR2-dependent Proinflammatory Responses in Macrophages
Previous studies by our laboratory and others showed that a ΔFTN_0757 mutant of F. novicida induced increased macrophage secretion of several proinflammatory cytokines compared to wild-type bacteria (Peng et al., 2011 , Weiss et al., 2007 . However, the full scope of this hyperinflammatory response and the mechanism underlying this phenotype were unclear. As a first step towards defining the extent of this effect, we sought to measure the breadth of the inflammatory response induced by the ΔFTN_0757 mutant during macrophage infection using microarray analysis. We harvested RNA from murine bone marrow-derived macrophages (BMDM) infected with wild-type F. novicida or the ΔFTN_0757 mutant, as well as uninfected controls. Microarray analysis revealed that there was a broad and robust increase in the number and magnitude of macrophage genes expressed in response to infection by the ΔFTN_0757 mutant compared to wild-type bacteria (Tables S1, S2 and Figures 1A) . Furthermore, Ingenuity Pathway Analysis revealed that host defense pathways consisting of genes encoding PRRs that recognize bacteria, and proteins important for proinflammatory cytokine signaling, were induced to higher levels in ΔFTN_0757-infected macrophages than in macrophages infected with wild-type bacteria ( Figure S1A ). This analysis also identified 53 NF-κB-regulated genes as being induced in macrophages infected with the ΔFTN_0757 mutant, compared to only 25 genes in wildtype-infected macrophages (Figures S1B, C).
To validate the microarray results, we first measured IL-6 production since it was the most differentially expressed gene in macrophages infected with the ΔFTN_0757 mutant compared to those infected with wild-type bacteria ( Figure 1A ). In agreement with our microarray data, macrophages infected with the ΔFTN_0757 mutant secreted significantly higher levels of IL-6 than wild-type-infected macrophages ( Figure 1B ). This response was dependent on TLR2 since TLR2 -/cells did not produce detectable levels of IL-6 ( Figure  1B ). In addition to increased cytokine production, macrophages infected with the ΔFTN_0757 mutant secreted significantly higher amounts of the chemokines KC and MIP-1β compared to those infected with wild-type bacteria, further validating our microarray results ( Figure 1B ). This response was also TLR2-dependent. To ensure that differences in cytokine and chemokine production were not due to differences in the ability of these strains to replicate within macrophages, we assessed the bacterial burden and found that both wild-type and ΔFTN_0757 bacteria replicated with the same kinetics in wild-type and TLR2 -/macrophages ( Figures S2A, B ). Taken together, these findings validate our microarray results by demonstrating that TLR2 is required for the hyperinflammatory response elicited in macrophages infected with the ΔFTN_0757 mutant.
FTN_0757 Represses Production of Bacterial Lipoproteins
Since we have shown that infection with ΔFTN_0757 elicits a broad and robust increase in TLR2-dependent signaling compared to wild-type bacteria, we sought to explore the mechanism responsible for this phenotype. Bacteria can block TLR signaling through active processes such as secretion of effectors, or dampen host signaling by modulating PAMPs in numerous ways that lessen the immunostimulatory capacity of the bacteria (Nadler et al., 2010 , Radhakrishnan et al., 2009 , Salcedo et al., 2008 , Tanamoto et al., 2000 , Kawahara et al., 2002 , Andersen-Nissen et al., 2005 . To test whether the FTN_0757-dependent subversion of TLR2 signaling was an active process requiring live bacteria, we treated macrophages with heat-killed preparations of wild-type and ΔFTN_0757 mutant bacteria. We used IL-6 as a marker for the proinflammatory response due to its robust induction during macrophage infection with ΔFTN_0757 ( Figures 1A, B ). We found that heat-killed ΔFTN_0757 induced a significant increase in IL-6 production compared to killed wild-type bacteria, and that this response was completely dependent on TLR2 (Figure 2A ). This demonstrated that the suppression of cytokine production by FTN_0757 is not dependent on an active process, but is instead due to a difference in a heat-resistant component(s) of the bacteria. Since the immunostimulatory moiety of BLPs is heat-resistant, BLPs signal through TLR2, and Francisella is known to encode BLPs that activate TLR2 (Vidal et al., 1998 , Cole et al., 2006 , Li et al., 2006 , Abplanalp et al., 2009 , Malik et al., 2006a , Thakran et al., 2008 , we hypothesized that changes in BLPs were responsible for the hyperinflammatory phenotype of ΔFTN_0757.
BLPs are located in bacterial membranes, so we next isolated the total membrane protein fraction from the wild-type and ΔFTN_0757 strains and tested them for their TLR2stimulating activity. The membrane fraction from ΔFTN_0757 induced increased IL-6 production compared to the wild-type fraction ( Figure 2B ). This response was TLR2dependent, similar to what we observed with the heat-killed preparation ( Figure 2A ) and infection with live bacteria ( Figure 1B ). This is consistent with the hypothesis that differences in BLPs are responsible for the hyperinflammatory phenotype of ΔFTN_0757. To further explore this possibility, we fractionated and quantified BLPs from the total membrane protein fraction of each strain. Strikingly, we found that the ΔFTN_0757 strain contained roughly twice as much total BLP as wild-type bacteria ( Figure 2C ). This data provides a potential explanation for the increased induction of proinflammatory cytokines elicited by ΔFTN_0757, since higher levels of BLPs would likely lead to increased TLR2 activation. To rule out the possibility that BLPs from the ΔFTN_0757 strain had increased activity on a molar basis compared to BLPs from the wild-type strain, we treated macrophages with equal concentrations of the BLP fraction from each strain. Both BLP fractions induced an equivalent amount of IL-6 production in a TLR2-dependent manner ( Figure S3 ), demonstrating that the BLPs from each strain had the same intrinsic TLR2stimulating activity. Taken together, these data suggest that the hyperinflammatory phenotype of ΔFTN_0757 is due to its increased BLP content leading to more robust TLR2 activation, rather than differences in the ability of its BLPs to act as TLR2 ligands.
FTN_0757 Represses the Expression of the Bacterial Lipoprotein FTN_1103
The significant increase in BLP concentration in the ΔFTN_0757 strain could be due to an increase in the levels of a small number of specific BLPs, or a more global increase in overall BLP production. In order to differentiate between these possibilities, we analyzed the respective protein composition of the BLP fraction from each strain via SDS-PAGE. While most protein bands were present at similar levels, a specific band of approximately 30 kD was highly enriched in the BLP fraction of the ΔFTN_0757 strain compared to wild-type ( Figure 3A ). Utilizing an LC-MS/MS peptide mass fingerprinting approach, we identified the band to be FTN_1103. Although annotated in the NCBI database as a hypothetical protein, FTN_1103 contains the typical amino acid motifs associated with BLPs, including a positively charged N-terminal region, a hydrophobic H-region, and a conserved lipobox motif (Leu-Gly-Ser) adjacent to the invariant cysteine at residue 29, which would serve as a lipidation site ( Figure 3B ). Also, consistent with its presence in the BLP fraction, FTN_1103 is predicted to be a BLP by the PRED-LIPO lipoprotein prediction server with a reliability score of 0.996 (Bagos et al., 2008) . To further show that the protein overproduced in ΔFTN_0757 is indeed FTN_1103, we generated a ΔFTN_0757/ΔFTN_1103 double deletion strain and analyzed its BLP content. The enriched protein that we previously identified as FTN_1103 was absent in the BLP fraction of the ΔFTN_0757/ΔFTN_1103 mutant, confirming its identity as FTN_1103 ( Figure 3A ). Together, these data demonstrate that FTN_1103 is a BLP, which we showed is highly overproduced in ΔFTN_0757.
We next measured the proportion of the increased BLP pool in ΔFTN_0757 that was due to the increase in production of FTN_1103. Deletion of FTN_1103 in the ΔFTN_0757 strain led to a large reduction in the total BLP concentration, almost to the level present in the wild-type strain ( Figure 4A ). Altogether these data demonstrate that FTN_0757 is required to repress expression of the BLP FTN_1103, and suggest that overproduction of FTN_1103 may cause the increased TLR2-stimulating activity of the ΔFTN_0757 strain.
To learn more about how FTN_0757 regulates FTN_1103, we tested whether this occurs at the transcriptional level by quantifying the expression level of FTN_1103 mRNA isolated from broth-grown wild-type or ΔFTN_0757 strains ( Figure S4A ). We observed a large increase in FTN_1103 expression in the ΔFTN_0757 strain compared to wild-type, confirming the observation that lack of FTN_0757 results in an increase in FTN_1103 expression. Furthermore, to investigate whether overexpression occurred in the context of a macrophage infection, we analyzed RNA from wild-type-or ΔFTN_0757-infected macrophages and found that the ΔFTN_0757 strain overexpressed FTN_1103 compared to wild-type ( Figure S4B ). Additionally, in order to further prove that FTN_0757 is a regulator of FTN_1103, we generated a strain in which the groE promoter drives increased expression of FTN_0757, compared to its natural promoter ( Figure S4C ) (Maier et al., 2004) . During growth in broth, this strain overexpressing FTN_0757 exhibited a significant decrease in FTN_1103 expression compared to wild-type ( Figure S4D ). This is notable, since this result implies that FTN_1103 expression is controlled by the action of FTN_0757, rather than changes in FTN_1103 expression being an indirect effect of the absence of FTN_0757. Furthermore, the effect of FTN_0757 on FTN_1103 expression is specific since we did not observe a significant difference in gene expression of other predicted BLPs (such as dsbA/ FTN_0771) (Thakran et al., 2008) or genes within the Francisella Pathogenicity Island (FPI) between the wild-type and ΔFTN_0757 strains (data not shown). Altogether, these data suggest that FTN_0757 acts as a negative regulator of FTN_1103, and that FTN_1103 is the primary contributor to the increased BLP content in the ΔFTN_0757 strain.
FTN_0757 Represses FTN_1103 to Evade TLR2 Activation in Macrophages
To determine whether overproduction of FTN_1103 in ΔFTN_0757 was the major basis for the increased TLR2 activation induced by this strain, we treated macrophages with either heat-killed preparations or total membrane protein fractions derived from wild-type, ΔFTN_0757, or ΔFTN_0757/ΔFTN_1103. Similar to our previous observation, macrophages stimulated with preparations from ΔFTN_0757 elicited a significantly increased TLR2-dependent IL-6 response as compared to those treated with preparations from the wild-type strain ( Figures 4B, C) . However, macrophages treated with equivalent fractions from the ΔFTN_0757/ΔFTN_1103 mutant secreted significantly lower levels of IL-6 compared to those treated with ΔFTN_0757 preparations (Figures 4B, C) . Deletion of FTN_1103 did not reduce the TLR2-stimulatory activity of ΔFTN_0757 completely to wildtype levels. This is likely due to smaller increases in the production of other BLPs and correlates with the incomplete reduction of BLP levels in the ΔFTN_0757/ΔFTN_1103 mutant ( Figure 4A ). These data demonstrate that the major cause of the increased TLR2-stimulating capacity of killed and membrane preparations of ΔFTN_0757 is the overproduction of FTN_1103.
We next wanted to determine whether FTN_1103 overexpression contributed to the increase in TLR2-dependent cytokine production elicited by ΔFTN_0757 during infection of macrophages. First, however, we determined if FTN_0757 and FTN_1103 expression was altered during the course of macrophage infection. We found that FTN_0757 expression was induced early during infection (1 hr) ( Figure 5A ), when Francisella is located within host phagosomes and co-localizes with TLR2 (Cole et al., 2007) . This correlated with a decrease in expression of FTN_1103 ( Figure 5B ). As the infection progressed past 2 hours, when Francisella has escaped the phagosome and resides in the cytosol (Santic et al., 2005) , FTN_0757 expression decreased, correlating with an increase in FTN_1103 expression. These data suggest that differential regulation of both FTN_0757 and FTN_1103 occurs during infection of host cells, and therefore, may contribute to subdued recognition by TLR2 by preventing FTN_1103 overexpression during early phases of macrophage infection.
We next sought to determine the contribution of FTN_1103 to the increase in TLR2dependent cytokines observed during ΔFTN_0757 infection. We infected macrophages with the ΔFTN_0757/ΔFTN_1103 mutant and notably, observed the amount of IL-6 induced by this strain was much less than that induced by macrophages infected with ΔFTN_0757 ( Figure 5C ). This is consistent with our results for stimulation with heat-killed preparations and membrane protein fractions ( Figures 4B, C) . As a further control, we genetically restored FTN_1103 into the ΔFTN_0757/ΔFTN_1103 strain. Following infection of macrophages with this strain, we observed a restoration of the hyperinflammatory defect of the ΔFTN_0757 strain ( Figure S5 ). Collectively, these data show that the TLR2-dependent cytokine response induced by ΔFTN_0757 is due to the overproduction of FTN_1103, and suggest that FTN_0757 alters FTN_1103 expression during the course of infection to dampen recognition by TLR2.
FTN_0757 Repression of BLP Expression is Critical for F. novicida Virulence in vivo
The ΔFTN_0757 mutant is severely attenuated in mice compared to wild-type bacteria (Weiss et al., 2007) . Since deletion of FTN_1103 in the ΔFTN_0757 mutant rescued the majority of its hyperinflammatory phenotype during macrophage infection, we tested whether it would also rescue its virulence attenuation in vivo. First, as a control, we tested whether FTN_1103 expression was upregulated in the ΔFTN_0757 mutant during in vivo infection. We measured the level of FTN_1103 expression in the wild-type and ΔFTN_0757 strains at 6 hours after subcutaneous infection of mice, an early timepoint when the loads of each strain were similar (data not shown). We found that the FTN_1103 transcript was indeed present at higher levels in the ΔFTN_0757 mutant compared to wild-type bacteria ( Figure 6A ). This demonstrates that the regulation of FTN_1103 by FTN_0757 occurs during in vivo infection, similar to our findings with bacteria grown in rich media and during macrophage infection (Figures S4A, B) .
To determine whether overexpression of FTN_1103 contributed to in vivo attenuation of the ΔFTN_0757 mutant, we performed competition experiments. We infected mice subcutaneously with a 1:1 mixture of wild-type and either the ΔFTN_0757 or ΔFTN_0757/ ΔFTN_1103 mutant and enumerated bacteria in the spleen at 48 hours post-infection (hpi). The ΔFTN_0757 mutant was >100,000-fold attenuated compared to wild-type bacteria ( Figure 6B ), in agreement with our previous work (Weiss et al., 2007) . In contrast, the ΔFTN_0757/ΔFTN_1103 mutant was present at much higher levels than the ΔFTN_0757 mutant, and was only ∼100-fold attenuated compared to wild-type. This represents 1,000fold complementation of the ΔFTN_0757 mutant as a result of deleting FTN_1103. The lack of complete complementation correlates with the BLP content, macrophage stimulation and infection experiments using the ΔFTN_0757/ΔFTN_1103 strain, and might be attributed to an increase in the expression of other BLPs in the ΔFTN_0757 mutant (Figures 4, 5) . As a control, we tested the phenotype of the ΔFTN_1103 mutant and found that it was present at levels close to those of the wild-type strain, indicating that FTN_1103 alone does not play an important role in virulence under these infection conditions ( Figure 6B ). Taken together, these data indicate that increased FTN_1103 production in the ΔFTN_0757 mutant significantly contributes to its attenuation in vivo.
Discussion
During in vivo infection, macrophages are among the first cells that Francisella encounters after entering the host (Hall et al., 2008) , and TLR2 expressed on the surface of these immune cells recognizes Francisella BLPs and induces a proinflammatory cytokine response aimed at clearing this pathogen. Our findings reveal a novel mechanism of TLR2 evasion: repression of BLP expression. We found that F. novicida FTN_0757 strongly represses the expression of FTN_1103, a BLP whose function is unknown but is not essential for bacterial replication in vitro or virulence in vivo. Furthermore, FTN_1103 is temporally repressed during the first hours of macrophage infection ( Figures 5A, B) , when the bacteria localize to the phagosome and could be recognized by TLR2 (Cole et al., 2007) . Subsequently, FTN_1103 expression is upregulated once the bacteria escape the phagosome and enter the cytosol (Santic et al., 2008) , which is devoid of TLR2. Therefore, we propose a model whereby F. novicida uses FTN_0757 to temporally limit BLP expression in order to evade TLR2 signaling in the phagosome.
Since TLR2 is essential for controlling Francisella infection in vivo (Abplanalp et al., 2009 , Malik et al., 2006b , evading TLR2 activation may provide this bacterium with precious time to replicate inside the host without triggering an inflammatory response, also enabling it to prevent robust activation of the immune system. Accordingly, the ΔFTN_0757 mutant, which is unable to downregulate BLP (FTN_1103) expression and evade TLR2, was severely attenuated in vivo. This mutant elicited robust production of a broad array of TLR2-and NF-κB-dependent inflammatory chemokines and cytokines during infection of macrophages (Figures 1, S1 ). Macrophages infected with the ΔFTN_0757 mutant produced significantly higher levels of IL-12, a cytokine whose production in vivo can induce T cells and NK cells to produce IFN-γ (De Pascalis et al., 2008) , a potent inducer of macrophage antibacterial defenses including nitric oxide production. Activation of these macrophage defenses by IFN-γ confers these cells with the ability to not only inhibit Francisella replication, but to kill the bacteria (Parsa et al., 2008) . In addition, infection with the ΔFTN_0757 mutant induces the robust production of chemokines such as KC (CXCL1) and CXCL2, which promote neutrophil recruitment (Soehnlein et al., 2010) . Neutrophils are non-permissive for Francisella replication and essential for host defense against infection; therefore, an influx of these cells in vivo could greatly reduce the bacterial burden (Sjostedt et al., 1994) . Together, these findings highlight a few of the ways in which TLR2 activation could lead to the inhibition of Francisella replication in vivo. These data also highlight the importance of evading TLR2 for F. novicida pathogenesis, and the way that bacteria can use the previously unrecognized strategy of downregulating BLP to accomplish this task.
In addition to contributing to the evasion of innate defenses, suppression of BLP expression could also play an important role in evading adaptive immune responses. For example, TLR2 signaling induces the expression of co-stimulatory proteins, such as CD86 ( Figure  1A) , that promote adaptive responses. Thus, lower BLP levels could result in diminished initiation of adaptive responses. BLPs can also be recognized as antigens by the adaptive immune system, and downregulation of their expression could also serve as a mechanism to lower levels of immunogenic antigens. In fact, the spirochete Borrelia burgdorferi downregulates the expression of one of its most highly immunogenic BLP, OspC, at the onset of the humoral immune response in order to avoid detection by antibodies and subsequent killing (Liang et al., 2002) . B. burgdorferi strains that are unable to downregulate OspC expression in vivo are rapidly cleared from mice in an antibody-dependent manner (Embers et al., 2008) . By extension, the ΔFTN_0757 mutant may induce a more potent antibody-mediated immune response than wild-type bacteria, and therefore downregulating FTN_1103 may also lead to evasion of antibody responses. In addition, our data suggest that another consequence of OspC downregulation may be the evasion of TLR2 activation. As TLR2 signaling can contribute to antibody responses (Dickinson et al., 2010) , downregulation of BLP may therefore represent a two-pronged approach to dampen the TLR2 activation signal as well as limit the expression of major antigens against which the antibody response is directed.
Since downregulation of BLPs can lead to evasion of TLR2, this raises the question of whether the levels of other TLR activators are modulated by pathogens? In fact, our findings are somewhat reminiscent of the repression of flagellin expression by the Salmonella virulence factor TviA when this pathogen invades the intestinal mucosa and can be recognized by TLR5, but not when it is in the lumen which lacks TLR5 (Winter et al., 2010) . Furthermore, since adaptive responses are generated against flagellin, its downregulation may also be a means of evading adaptive immune responses. It will be interesting to determine in the future whether the levels of additional TLR ligands such as LPS or lipoteichoic acid (LTA) are modulated by pathogens as a mechanism of host evasion.
Together, our findings reveal a novel mechanism utilized by F. novicida to evade TLR2 activation. To our knowledge, this is the first demonstration of an intracellular bacterial pathogen that downregulates BLP expression to evade innate immune recognition, and this may represent a new paradigm that is used by other intracellular pathogens to evade TLR2.
Experimental procedures
Bacterial strains and growth conditions
Francisella novicida strain U112 was kindly provided by Dr. Denise Monack (Stanford University, Stanford, CA). All bacterial cultures were grown overnight at 37°C with aeration in tryptic soy broth (TSB) supplemented with 0.2% L-cysteine (BD Biosciences, Sparks, MD). When necessary, the media was supplemented with kanamycin (30 μg/ml) or tetracycline (20 μg/ml).
Bacterial mutagenesis
Mutant strains (ΔFTN_0757 and ΔFTN_1103) were constructed by allelic replacement as described previously (Brotcke et al., 2006 , Anthony et al., 1991b using primers in Table 1 .
To excise the Flippase Recognition Target (FRT)-flanked kanamycin resistance cassette and create unmarked strains, the kanamycin-resistant mutants were transformed with plasmid pLG42 encoding the Flp-recombinase, performed as previously described . The ΔFTN_0757/ΔFTN_1103 deletion strain was generated by transforming an unmarked ΔFTN_0757 strain with genomic DNA from the marked ΔFTN_1103 strain, and selecting for kanamycin resistance. FTN_1103 was complemented in cis into the ΔFTN_0757/ΔFTN_1103 deletion strain through allelic replacement, as described previously (Weiss et al., 2007 , Anthony et al., 1991b .
Preparation of bacterial fractions
Overnight cultures of bacteria were subcultured 1:50 into 50ml of TSB with 0.2% cysteine and grown to an OD 600 of 0.9 -1.0. Cultures were centrifuged at 5,000 × g for 10 minutes to pellet the bacterial cells. For cell-free supernatants, the remaining supernatant was passed through a 0.22μm filter (Millipore, Billerica, MA), and stored at -20°C until use. For heatkilled bacteria, the bacterial pellet was resuspended in PBS (Lonza, Walkersville, MD), boiled at 100°C for 1 hour, and then stored at -20°C until use. For isolation of membrane fractions, resuspended cells were lysed via freeze-thawing for three cycles. The cell lysate was then centrifuged at 10,000 × g for 10 minutes to remove unlysed cells. The cleared supernatant was then centrifuged at 120,000 × g for 2 hours to pellet the total membrane fraction. Membrane pellets were resuspended in 1ml PBS and stored at -20°C until use. For enrichment of bacterial lipoproteins, pelleted membrane fractions were resuspended in 200μl PBS and 500μl n-butanol (Sigma-Aldrich, St. Louis, MO) and centrifuged at 27,000 × g for 90 minutes. The aqueous phase, containing an enrichment of bacterial lipoproteins, was collected and stored at -20°C until use (Jones et al., 1995) . Protein fractions were normalized either by colony forming units (cfu) or by protein concentration, measured via the bicinchoninic acid assay (Thermo Scientific, Waltham, MA), as indicated. Twenty micrograms or 10 8 cfu-equivalents of each fraction were separated via 12-20% SDS-PAGE (Bio-Rad, Hercules, CA) and stained with Coomassie Blue G-250 (Teknova, Hollister, CA).
Microarray analysis
All RNA samples were checked for purity using a ND-1000 spectrophotometer (NanoDrop Technologies) and for integrity by electrophoresis on a 2100 BioAnalyzer (Agilent Technologies). The samples were amplified using the Nugen WT Pico Kit (NuGEN Technology) and the target reactions were run with 25 ng of total RNA. The amplification products were processed through the EXON Module (NuGEN Technology), which creates sense-strand cDNA targets. The sense strand cDNA Targets were then fragmented and labeled using NuGEN's FL-Ovation™ cDNA Biotin Module V2 (NuGEN Technology). Labeled targets were hybridized to GeneChip® Mouse Gene 1.0ST arrays (Affymetrix, Inc.), following Standard Nugen Protocols for target hybridization to the Affymetrix Gene Arrays. The hybridizations were run for 16 hours, 45°C, 60 rpm in an Affymetrix Hybridization Oven 640. The Cartridge arrays were washed and stained using the Affyemtrix Fluidics Stations 450, following Affymetrix protocols. Scanning was performed on an Affymetrix GeneChip 3000 7G scanner, and Affymetrix GCOS software was used to perform image analysis and generate raw intensity data. Probe sets of all samples were normalized by RMA, which includes global background adjustment and quantile normalization. Using the gene annotation provided by Affymetrix, we discarded 11,537 probe sets that did not match to known genes. Student's t-test (p < 0.02) and a fold-change filter (mean fold-change > 25%) were used to identify genes differentially expressed in macrophages infected with ΔFTN0757 strain compared to those infected with wild-type strain for 4 hours. The expression levels of NF-κB-regulated genes were visualized using Ingenuity Pathway Analysis (Ingenuity Systems) software.
Protein identification by mass spectrometry
After staining with Coomassie Blue G-250, the band of interest was excised and subjected to in-gel digestion (12.5 μg/ml trypsin). Extracted peptides were loaded onto a C 18 column (75μm inner diameter, 15cm long, ∼300nl/min flow rate, 1.9μm resin) (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) and eluted using a 10-30% gradient (Buffer A: 0.1% formic acid, 1% ACN; Buffer B: 0.1% formic acid, 99.9% ACN). The eluted peptides were detected by Orbitrap (300-1600 m/z; 1,000,000 automatic gain control target; 500-ms maximum ion time; resolution, 30,000 full-width at half-maximum) followed by ten datadependent MS/MS scans in the linear ion trap quadrupole (2 m/z isolation width, 35% collision energy, 5,000 automatic gain control target, 200-ms maximum ion time) on a hybrid mass spectrometer (Thermo Fisher Scientific, San Jose, CA). The acquired tandem mass spectrometer (MS/MS) spectra were searched against and a decoy-concatenated F. novicida database (3,393 redundant protein targets) from the NCBI RefSeq protein database project (September 2011) using the Sorcerer-SEQUEST Algorithm version 3.11 r11 (Sage-N Research, San Jose, CA). Search results were filtered with a 1% FDR and summarized by in-house programs, as described by Gozal et al (Gozal et al., 2011) .
Macrophage experiments and infections
Murine bone marrow-derived macrophages (BMDM) were prepared from 6-8 week old wild-type and TLR2 -/-C57BL/6 mice and cultured as described (Weiss et al., 2007) .
Macrophages were cultured in 96-well plates (5-8×10 4 cells/well) in high glucose Dulbecco's modified Eagle's medium (DMEM) (Lonza, Walkersville, MD) supplemented with 10% heat-inactivated fetal bovine serum (HyClone, Logan, UT) and 10% L929conditioned media (conditioned DMEM) containing M-CSF (macrophage colony stimulating factor) overnight. The media was removed and bacteria were added at a multiplicity of infection (MOI) of 20 or 100 bacteria per macrophage. Plates were centrifuged for 15 minutes at 335 × g at room temperature to promote uptake of bacteria.
Macrophages were incubated for 30 minutes at 37°C and washed two times before adding warm conditioned DMEM. The concentrations of IL-6, KC, and MIP-1β in culture supernatants at the indicated timepoints after infection were quantified by ELISA (BD Biosciences, Sparks, MD). For treatment with bacterial components, cells were washed gently and media containing heat-killed bacteria, membrane fractions, or bacterial lipoprotein fractions at the given concentrations was added. Macrophages were stimulated for the indicated duration of time, before the cell-culture supernatant was collected.
RNA extraction and quantitative real-time PCR
Overnight cultures of the indicated bacteria were subcultured 1:50 into 50mL TSB with 0.2% L-cysteine and grown to an OD 600 of 0.9 to 1.0. RNA was isolated using TRI Reagent (Molecular Research Center, Cincinnati, OH) and purified using the RNeasy Mini Kit (Qiagen, Germantown, MD) according to the manufacturers' instructions. Quantitative realtime RT-PCR (qRT-PCR) was performed using the Power Sybr Green RNA to CT 1-Step Kit (Applied Biosystems, Carlsbad, CA) and gene-specific primers (Table 1) using an Applied Biosystems StepOne Cycler. Relative transcript levels were calculated by normalizing C T values to DNA helicase II (uvrD, FTN_1594).
Mouse infections
For competition experiments, groups of five wild-type C57BL/6 mice were infected subcutaneously with a 1:1 ratio of wild-type and the indicated mutant strain of F. novicida (total of 1 × 10 5 cfu) in sterile PBS. At 48 hpi, the skin, spleen and liver of infected mice were harvested and homogenized in PBS. Serial dilutions were plated on Mueller-Hinton agar supplemented with 0.1% L-cysteine with or without kanamycin for enumeration of bacterial burden in each organ. The competitive index (CI) was calculated using the formula, CI = (mutant cfu in output/wild-type cfu in output)/(mutant cfu in input/wild-type cfu in input). All experimental procedures were approved by the Emory University Institutional Animal Care and Use Committee (protocol #069-2008Y).
Statistics
All experiments were analyzed using the unpaired Student's t test except Figure 6A Wild-type or TLR2 -/macrophages were stimulated with (A) heat-killed wild-type or ΔFTN_0757 (Δ757) at a ratio of 20:1 bacterial cell equivalents per macrophage or (B) total membrane protein fractions derived from the indicated strains at a 1:1 ratio. At 4 hours, supernatants were collected and IL-6 concentrations were quantified by ELISA. (C) BLPs were extracted from the total membrane protein fraction and their concentrations measured via the BCA assay and normalized to bacterial cfu. Bars represent the mean and standard deviation. Data are representative of at least 2 independent experiments. * p ≤ 0.05; *** p < 0.0001. (A) BLPs were extracted from the total membrane protein fraction of wild-type, the ΔFTN_0757 mutant (Δ757), or the ΔFTN_0757/ΔFTN_1103 (Δ757/1103) strains, and their concentrations measured via the BCA assay and normalized to bacterial cfu. Wild-type or TLR2 -/macrophages were stimulated with (B) heat-killed bacteria at a ratio of 20:1 bacterial cell equivalents per macrophage, or (C) total membrane protein fractions at a 1:1 ratio for 4 hours. Supernatants were collected and IL-6 concentrations were quantified by ELISA. Bars represent the mean and standard deviation. Data are representative of at least 2 independent experiments. * p ≤ 0.05; ** p ≤ 0.005; *** p < 0.0001. 
